We studied the source mechanism of the mainshock (M, -7.5, M, -4.8 x 1019N m) and the largest aftershock (M, -7.0,M, -4.7 x 10l8 N m) of the 1967 Mogod earthquake sequence, and the 1974 July 4 event (M, -6.9, M , -8.5 x 1OI8 N m) in Mongolia by synthesizing the longperiod teleseismic P-wave records of the WWSSN. These are the only events with M, greater than 5.5 which have occurred in this area since the installation of the WWSSN. In addition to modelling the waveforms, we paid attention t o matching the absolute amplitudes for all stations considered because both the waveform and amplitude contain information about the source mechanism. The long-period characteristics of the displacement associated with the main shock of the Mogod sequence show essentially rightlateral strike-slip motion along a north-south trending fault. However, the P-waves for this event are best modelled by a sequence of three subevents with an increasing component of thrust faulting as the rupture propagates southward. The strike of the observed surface rupture changes fairly abruptly from north-south to south-east at the southern end. The largest aftershock of this earthquake sequence occurred as a pure thrust near the bent segment of the fault. An analysis of the theoretical static vertical displacement field generated by an inclined, finite, strike-slip fault in an elastic half-space suggests that the thrust faulting associated with the later part of the mainshock and the aftershock can be interpreted as the combined effect of stress concentrations near the tip of a dipping fracture and an ambient regional stress. Two point sources with slightly different strike-slip focal mechanisms are needed to model the P-waves of the 1974 July 4 event. The centroidal depths for all three events are about 1 0 5 5 km. Although the Mogod sequence is relatively small in seismic moment when compared t o other major events in the region, its occurrence completed a rectangular pattern of two sets of conjugate, strike-slip faults in Mongolia. Some small normal and thrust faults which occurred in the same area are typically associated with the large 
The encircled region indicates the studied area. The map also yhows the orientations of the P-(+j and T-(++) axes for thrust and normal faulting events, slip vectors (-) of low angle thrusts, and relative motion along the fault planes (=) for strikeslip events (dashed when onc of thc nodal planes is arbitrarily chosen as the fault plane).
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nisms of large earthquakes in Mongolia would provide some key information about the details of active tectonics in this particular intracontinental setting.
Previous studies of the source characteristics of large earthquakes in Mongolia concentrated on the analysis of surface waves to determine the seismic moments and other parameters related t o the long-period features of the source. Chen & Molnar (1977) calculated the seismic moments for the events of 1931, 1957, and 1967 from long-period Rayleigh-and hve-wave spectral densities. They estimated the average displacement on the faults based on the seismic moments they derived and the lengths of faults estimated either from field observations or the size of the aftershock zones from relative relocations. Okal (1976 Okal ( , 1977 compared several observed Love-wave signals generated by the 1905 events and the Golbi-Altai event with synthetics to estimate the seismic moments and fault lengths.
Among the five major events, only the 1967 Mogod sequence occurred after the installation of the World-Wide Standardized Seismographic Network (WWSSN). The mainshock of the Mogod sequence (M, 7.5) occurred on 1967 January 5 and a series of aftershocks followed. Field-work revealed that the surface rupture associated with this sequence ran approximately north-south with predominantly strike-slip motion and some reverse faulting. Its total length reaches about 45 km. The rupture bends toward the SE at its southern tip where the largest aftershock (M, -7.0) occurred on 1967 January 20 (NatsagYum, Balzhinnyani & Monkho 1971) . This aftershock is a thrust and its epicentre was located by a local network. The Mogod sequence occurred in an area where no large-scale faults were observed previously (Fig. 1) . With a good number of high quality teleseismic records, it is possible to study the source characteristics of this sequence in some detail using body waves which have higher resolution than surface waves.
In this study, we modelled the waveform as well as the absolute amplitude of the longperiod P-waves of the main shock and the largest aftershock of the Mogod sequence to constrain the fault plane solutions, focal depths, the relative position and timing of subevents, and the seismic moments. We then interpret the kinematics of the source of the Mogod sequence by combining the results of our analysis along with field observations. In addition, we also studied the focal mechanism of the 1974 July 4 earthquake -the only other event in Mongolia with M , > 5.5 since 1964, using the same method. And finally, we discuss the implications of the source mechanism of these events on the active tectonics in Mongolia.
Data and method
P-waves for all three earthquakes studied are well-recorded by a large number of WWSSN stations. We analysed all P-wave records with high signal to noise ratios and achieved good azimuthal coverage. Only stations within the epicentral distance range of 30-90" were used in order to minimize propagation effects due to the structure of the upper mantle and diffraction or reflection from the core.
We calculated the synthetic seismograms of teleseismic P-waves by considering a sequence of point sources embedded in a layered medium where each point source is constrained to be a double-couple (Trehu, Nabelek & Solomon 1981) . The Green's function includes the effects of the free surface and crustal structure in both the source and the receiver regions following the method described by Bouchon (1976) . For our purpose, a crustal half-space was found to be sufficient. The P-and S-wave velocity are assumed to be 6.0 and 3.5 km s-l, respectively, for both the source and receiver region. The density is set to be 3000 kg m-3 in the calculations. The far field source time function is parameterized by the superposition of trapezoids, and the effect of attenuation is calculated with a constant t * of 1 s. In this formulation, a finite source is described by the relative position and timing of subevents each 364 composed of a point source. In other words, we seek a solution which consists of a small number of centroidal solutions each representing the average properties of part of an earthquake source. In the final presentation at each station, the synthetic and the observed seismogram are cross-correlated to approximately align their centroidal times.
In all the analyses, we emphasize the importance of using all available data t o ensure as complete a coverage of the focal sphere as possible. We have also paid special attention to matching the absolute amplitudes at all stations in addition t o the waveforms. Although matching the amplitudes is a tedious process in our analysis, formal inversion of teleseismic body waves shows that the amplitudes contain valuable information about the source parameters. Exclusion of the amplitude information usually slows down the convergence rate of the inversion considerably (Nabelek 1984). With that consideration in mind, we used strictly the same seismic moment on all stations for a given event in our analysis and the synthetics are not individually scaled. In our results, the mismatch in amplitude in less than 15 per cent at most of the stations. For very few cases where one station shows a large deviation, its maximum value never exceeds about 45 per cent of the mean. Therefore, the precision in the estimation of seismic moment caused by the mismatch in amplitude is generally within +20 per cent. The largest source of error in estimating the seismic moment using body waves comes from uncertainties in the depth. For the shallow events studied here, the depth is unlikely t o be more uncertain than +50 per cent. The accuracy in the estimated moments, then, is likely t o be much less than the usually accepted value of a factor of 2. 
.I The mainshock
The fault plane solution (Fig. 2 ) of the mainshock is well constrained by P-wave first motions (Tapponnier & Molnar 1979 ) t o have nearly vertically dipping nodal planes with pure strike-slip motions. A close examination of the P-waves, however, indicates that the mainshock is most likely a complex event. First of all, the total time duration of the P-waves is about 30 s, implying a source dimension that is too large to be properly represented by one point source. Secondly, notice that while the first 10 s of the seismograms all have rather small amplitudes, the later part of the wave trains has large amplitudes. This is especially evident for stations t o the west of the epicentre. We were not able t o model the beginning low amplitude and the later high amplitude part of the seismograms by a single point source. Moreover, because the waveform of the later part of the observations also varies considerably with azimuth, we found that more than two point sources were needed to match the entire P-wave trains.
Since the number of free parameters increases rapidly with increasing number of subevents, non-uniqueness of the solutions becomes a serious problem. We narrowed down the range of acceptable source parameters by imposing several a priori constraints. (1) The focal mechanisms of the subevents must have basically the same type of faulting (strike-slip or thrust) as those obtained from first motions of the mainshock and the aftershocks. This is based on the following observations: (a) The radiation pattern of long-period Love waves indicates that most of the seismic moment is released by strike-slip motion along the northsouth trending rupture (Chen & Molnar 1977 Table 1 ). The vertical bars mark the onsct of rhc observed P-wave first arrivals. The far-field source time function is shown a t the lower left corner.
found by Moskvina (1 978) for a large aftershock ( M = 5.4) which apparently located near where the rupture stepped toward the right at about 10 kin south of Mogod (Fig. 3) . Consequently, we tested oblique strike-slip solutions with a minor component of normal faulting but not those of pure normal faulting. (2) Back slip is not allowed. The source time functions always have positive amplitudes. (3) The strike of the fault planes should not deviate too much from the strike of the surfiice rupture observed in the field trending roughly north-south. Thus, for each subevent, the strike of one nodal plane is confined to be within 545" of the not-th-south direction. (4) stress dt-op is much less than 1 Mpa or much higher than 10 Mpa. Given the usual trade-off between focal depths and the duration of the source time functions, we considered the range of centroidal depths of 10 2 5 km.
Within the limits of these constraints, we searched extensively in the parameter space by trial-and-error. To completely demonstrate the effect of individual parameters on the synthetic seismograms here would require an exceedingly large number of illustrations. Instead, we will discuss most of these effects as they relate to two other events we studied. Because of the less complex source mechanisms, the effects of each parameter are better demonst rated there. Since the source locations and stations used are similar for all events, different values of the source parameters would change the synthetics in an analogous way for all events considered. Fig. 2 shows one solution for which the synthetics match the observed waveform well. The amplitudes are also matched to within 20 per cent except at station NOR where the mismatch is about 42 per cent. The solution consists of three subevents. The fault plane solution of the first subevent is essentially that obtained from the first motions with a seismic moment of 1.2 x 10'' N m (Fig. 2) . The strike-slip mechanism accounts for the small amplitudes at the beginning 10 s or so of the P-waves.
Given the length of about 40 k m of the surface rupture observed in the field (Natsag-Yum e f al. 1971 ) and the seismic moment determined from surface waves (3-4 x lo'' N m), it is necessary t o invoke some subsequent dip-slip displacement which is more efficient in exciting P-and SV-waves in order to explain the large amplitudes of the later part of the P-wave train. However, the azimuthal dependence of this part of the observed signals implies that a set of moderately dipping nodal planes with pure dip-slip mechanism is unlikely, since in that case, the P-waves would be nearly identical a t all teleseismic stations. The complexity and the moderate time duration of the later part of the observed signals would suggest the interference of two subevents. In our result, the second subevent is mainly strike-slip with a minor component of thrust faulting but the third event has a more significant thrust component (Fig. 2 , Table 1) . It also appears that the roughly north-south trending nodal planes of both the first and the second subevents are required t o have a steep dip toward the east. This is true for the first subevent if all first motions are t o be satisfied. A vertical dip for the second subevent alters the waveform significantly for stations close to this plane and also changes the amplitude of other stations. One such example is shown in Fig. 4(a) . The total duration for the three subevents is 17 s and the centroidal depths are all around 10 km. The combined seismic moment for the mainshock is 4.8 x lo1' N m , which is somewhat larger than those estimated from surface waves [3.8 x lo" N m (Chen & Molnar 1977 ) and 3.2 x l O I 9 N m (Okal 1976) l. The time intervals between the peaks of the source time functions for adjacent subevents are 5.0 and 7.0 s respectively, while the corresponding spatial separations are about 14 and 29 km (Table 1 ). The average rupture velocity is about 2.8 k m s-' between the first two subevents, and up t o 4.1 km s-l between the later two subevents.
The locations of the three subevents are shown in Fig. 3 . Since only the relative separation between subevents can be constrained through our analysis, they are plotted in Fig. 3 by assuming that the epicentre of the mainshock determined by Natsag-Yum et al. 
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-:I->. Table 1 . The mismatch in waveform a t ALQ is due to its proximity to a nodal plane of the second subevent. For stations away from the nodal planes, the absolute amplitude is also affected. (b) Synthetic seismograms (solid curves) showing effects of different time delays between the second and third subevents of the mainshock of the Mogod sequence. The time delays of the onset of the third subevent with respect to the beginning of the first subevent are marked. All other parameters are unchanged from those shown in Table 1 . The cases with a delay of 9 s a t LON and ALQ t o the north of the epicentre clearly d o not fit the observations. The rupture therefore must be propagating to the south.
(1971) coincides with the position of the first subevent. The P-waves are sensitive to the time intervals between subevents (Fig. 4) . This is clearly seen at station LON and ALQ which are located at an azimuth anti-parallel to the assumed direction of the rupture. On the other hand, a t stations such as COP and MSH only minor changes in the waveforms are observed in response t o different time intervals (Fig. 4) . Notice that these stations have azimuths of (Table 1 ). However, due t o the small take-off angles for stations at teleseismic distances, the relative location of subevents cannot be determined precisely. In the direction of the rupture where the effect of spatial separation on the apparent timing of subevents is most pronounced, 1 s of apparent time delay corresponds t o about 15 k m of distance from a station 60" away.
Keeping the focal mechanism unchanged and with the same time intervals between events, we present an alternate solution by simultaneously changing the shape of the source time fuaction of the second and third subevent and the spatial separation between them (Fig. 5) . This solution fits the observation at RAB better but requires a higher average rupture velocity of about 7.6 k m s-l in the later half of the rupture process. This high value exceeds the P-wave velocity in the crust and it is not feasible unless the second and third subevent are triggered independently.
It is apparent that we are unlikely to be able t o constrain the individual parameters such as strike, dip and slip t o within k20" for the second and third subevent. However, despite Fig. 2 only in the source time function (for both the second and the th'bd subevent, t I = 3 s, t , = 0 s, f3 = 4 s) and the spatial separation of the third subevent (45 k m to the south and 5 km to the east of the first subevent). Layout is the same as in Fig. 2. the uncertainties in the solutions, we have demonstrated that the main shock of the Mogod sequence consists of more than one stage of rupture. The rupture must have started in the north and propagated southward. The slip is mostly strike-slip and this part of the fault is likely to dip steeply toward the east. In the later part of the process, the fault plane solution changes from nearly pure strike-slip toward a thrust mechanism. The average displacement and stress drop of this shock are estimated in the Appendix.
The major aftershock of 1967 January 20
The P-waves of the largest aftershock of the Mogod sequence show compressional first motions at all available stations of the WWSSN (Fig. 6; Tapponnier & Molnar 1979) . Clearly, there is a large component of thrust faulting. As is often true for dip-slip events, the orientation of the nodal planes is not constrained. The P-waveforms at most of the stations are quite similar with the exception of stations PO0 and SNG (Fig. 6 ). At these two stations, the first peak is smaller in amplitude than the second peak. The obvious interpretation is that they are approximately equidistant from a nearby nodal plane of the P-wave radiation pattern. A point source with a simple source time function is found sufficient t o model the 
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37 1 P-waves. The strike of this nodal plane is loosely constrained to be about 120 f 20" (Fig.  7a) .
Given the strike, the dip angle is relatively well determined mainly by the same two stations to within about f l O o (Fig. 7b) . The preferred solution in Fig. 6 shows a slight amount of strike-slip faulting. This places one nodal plane for the up-going SV-wave in the south-eastern quadrant near the centre of the projection. Thus the small amplitude of the second peak (identified as SP) for stations such as BAG and CTA is explained. The uncertainty for the slip angle is about k15" (Fig. 7c) .
The 8 km centroidal depth of this aftershock is similar to that of the mainshock. The seismic moment of this thrust event is about 4.7 x 10'' N m. Its average displacement and stress drop are calculated in the Appendix.
Kinematics of the Mogod sequence
The apparent correlation of the bend in the surface rupture and the change in mechanism of the main shock as well as the occurrence of the dip-slip aftershock suggest that the geometry of faulting of the Mogod sequence is kinematically related to the different mechanisms. Since at least 7 5 per cent of the seismic moment associated with the mainshock is essentially strike-slip, we begin our analysis by examining the theoretical static vertical displacement field caused by a finite strike-slip fault in an elastic half-space. Following Mansinha & Smylie (1967 , we calculated the vertical displacement on the free surface for faults with different parameters. Since the amount of vertical displacement is proportional to the slip, we characterized the fault by its aspect ratios (length Llwidth D ) and dip angles. For a vertically dipping fault, as the LID ratio increases, the maximum value of the vertical displacement becomes smaller and the displacements are much more concentrated toward the two ends of the fault. Uplift always occurs at one end while subsidence occurs at the opposite end o n the same side of the fault. The pattern is reversed on the other side of the rupture. The effect of a steep dip angle is to cause the vertical displacement field to become asymmetrical with respect to the fault plane. At a given distance from the fault, the vertical displacement on the side of the hanging wall increases in magnitude and that on the side of the footwall decreases when compared with the vertically dipping case. In Fig. 8 , we plotted the result of one of the models tested. Using the results from our analysis of the seismic data, we have chosen a 2: 1 LID ratio to approximate the strike-slip coinponeni of the mainshock with a dip of 80" t o the east. For a right-lateral fault striking north-south, uplift takes place at the south-eastern and north-western corner of the fault (Fig. 8) . Since thrust faulting effectively thickens the crust, its occurrence is most favoured at those regions where the local stress field predicts uplift. It is important to note that the slight deviation of the dip from the vertical to the east causes the uplift at the south-eastern corner of the fault (say within a radius of L/4 from the tip) to be larger than its counterpart at the NW by a factor of about 3. This makes thrust faulting much more likely t o happen at the south-eastern corner. Therefore, the thrust faulting associated with the later part of the mainshock and that of the aftershock is consistent with the local stress concentrations caused by the initial strike-slip faulting phase of the mainshock.
In Fig. 8 , the material is assumed to be purely elastic and no rupture other than the prescribed cut can occur. Thus the static vertical displacement field should not be interpreted as displacement resulting from dip-slip faulting directly. Nevertheless, if we consider two sides of the cut as crustal blocks, as the stress concentrations induced by the motion on the strike-slip fault near its tip together with the ambient regional tectonic stress exceed the strength of the materials, dipslip faulting can occur with net vertical displace-ments effectively releasing the stress concentrations. This situation is illustrated in Fig. 9 . The easterly dip of the thrust is chosen t o be consistent with that of the strike-slip segment. It should be pointed out that probably only a dynamic model of faulting can explain why normal faulting did not occur on the north-eastern corner of the surface rupture. A strikeslip fault dipping steeply to the east has a small bend at its southern tip where thrusting is also taking place. This is interpreted as the combined effect of the local stress concentration caused by the strike-slip segment at its tip (Pig. 8) and a regional tectonic stress field with a northeasterly trending direction of maximum compression ((7,) . The direction of thc dip of the thrust is arbitrary. We have shown an easterly dip to be consistent with that of the strikeslip segmenl.
T H E E V E N T
This is the only event with M , > 5.5 that occurred in Mongolia after the occurrence of the Mogod sequence. The epicentre is located in an area where no large-scale structures are recognized on the surface (Fig. 1) . The fault plane solution obtained from the first motion of P-waves indicates a well constrained, pure strike-slip fault (Tapponnier & Molnar 1979 . fig. lo ), similar t o the other events in Mongolia ( Fig. 2 ; Tapponnier & Molnar 1979) .
At first glance, the waveform appears to be simple. For vertically dipping, pure strike-slip events, the waveform and amplitude at stations plotted near the nodal planes are very sensitive to small changes in the fault plane solutions. With good azimuthal coverage, the solution is constrained to approach the uncertainties in take-off angles and azimuth. Because of this particular situation, it is apparent that the data cannot be fitted with a single point source (Fig. 1 la) . Aside from the details in the high-frequency components, there is a large mismatch in amplitude at MAT. There is also a slight difference in the apparent signal duration. For stations to the north of the epicentre, the P-wave trains appear t o be 2-4 s longer than those at the southern stations. Consequently, we tried a solution with a southward propagating rupture of two point sources. At first, the fault plane solutions were kept to be the same for both point soul-ces. This improves the fit of the high-frequency part of ;he signal as well as the duration (e.g. at KEV, Fig. 1 lb) . Yet, the inisfit in amplitude at MAT remains. On the other hand, a slight change of the dip for the east-west trending nodal plane between the two subevents significantly improves the overall fit (Fig. 10) .
We conclude that although matching the observed P-waves requires two point sources with slightly different fault plane solutions, the strike, dip and slip of faulting are essentially all constrained to within +5" of those obtained froin first motions. The rupture probably occurred on a north-south striking fault with a total seismic moment of about 8.5 x N in and a centroidal depth of about 10 kin.
Tectonic implications and conclusions
On a large scale, Mongolia is part of a region characterized by strike-slip faulting in central Asia. This region seetiis to be a zone of transition between the dominantly convergent belts of the Himalaya and the Tien Shan to the south and the Baikal rift system and the subsiding basins in north-eastern China to the north and NE, respectively (Tapponnier & Molnar 1976) . Although the stress field in central Asia apparently changes gradually in space, distinct tectonic regimes can be identified and the stress seems t o be relatively uniform within each regime. The three major fault systems in Mongolia form a conjugate set with two left-lateral faults striking about east-west and a zone of right-lateral faults striking north-south (Fig. 12) . All of them experienced major earthquakes since the beginning of the century. In comparison, the Mogod sequence is relatively small in seismic moment. Nevertheless, its location and sense of motion do complete a rectangular pattern of conjugate strike-slip faults (Fig. 12) . The most straightforward interpretation of this tectonic pattern is a uniform regional stress field with the P-axis trending in the NE-SW direction and the T-axis in the SE-NW direction (Tapponnier & Molnar 1979 ).
In detail, however, there are other types of faults in Mongolia. For instance, Tapponnier & Molnar (1979) identified many clear fault scarps of dip-slip origin from Landsat imagery of Mongolia. The 1957 Golbi-Altai earthquake was accompanied by a normal fault near the central part of the main rupture (Tapponnier & Molnar 1979; Florensov & Solonenko 1965) . faulting apparently associated with large earthquakes and major strike-slip faults are also shown (Tapponnier & Molnar 1979) . The orientation of the strikes of these secondary faults seems to be controlled by the regional stress field as well.
The strike of this presumably secondary fault is approximately W E . Some secondary thrust faulting apparently related to this earthquake is also observed in the field (Fig. 12) . The largest aftershock of the Mogod sequence, on the other hand, is a thrust event with a fairly large seismic moment of 4.7 x 10l8 N m. In Fig. 12 , we plotted all the secondary faulting closely related t o the three major fault systems (Tapponnier & Molnar 1979) as well as the results of this study. These smaller features can also be related t o the regional stress field by noting that the normal faulting has a T-axis consistent with the direction of the regional minimum principal stress and the thrust faulting has a P-axis sub-parallel to the direction of the regional maximum principal stress. In the case of the Mogod sequence where more information is available, our analysis in Section 3.1.3 suggests that the local stress concentration near the tip of the rupture has played an important role in the occurrence and the mechanism of the large aftershock. However, the NE-SW shortening associated with the thrust faulting is also consistent with the orientations of the regional stress field. Apparently, the occurrence of the thrust faulting is most likely a consequence of the combined effect of a local pertubation to the stress field or inhomogeneities in the materials (such as preexisting zones of weakness) and an homogeneous regional stress.
In conclusion, we have carried out a detailed analysis of the teleseismic P-waves for three earthquakes in Mongolia: The mainshock and the largest aftershock of the Mogod earthquake sequence, and the event of 1974 July 4. The faulting associated with the mainshock of the Mogod sequence and the event in 1974 are mostly strike-slip and apparently occurred as part of the large-scale, conjugate strike-slip faulting which characterizes the present-day tectonics in Mongolia. The Mogod event is best explained as a sequence of three subevents propagating southward with an increasing component of thrust faulting toward the southern tip of that fault where a fairly abrupt change in the strike of the observed surface rupture also took place. The largest aftershock of the Mogod sequence occurred as a pure thrust event near this bend of the surface rupture. By considering the local stress concentration caused by an inclined, finite, strike-slip fault in an elastic half-space, the component of thrust faulting associated with the later part of the mainshock and that of the aftershock can be interpreted as the combined effect of stress concentrations near the tip of a dipping fracture and an ambient regional stress. The orientations of this regional stress field is inferred from the large-scale strike-slip faults also seem, at least partially, t o control the occurrence of smaller thrust and normal faults which are occasionally associated with large earthquakes in Mongolia.
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